 Free-base porphyrin tagged DNA is demonstrated to be a superior electrochemical sensor for DNA detection in microfluidic systems.
Introduction
Bladder cancer (BC) is the fourth most common form of cancer [1] , and cystoscopy is currently used as the gold standard for detection of BC. Besides from being invasive to the patient, this method is expensive and not very specific. Estimated overall costs for treatment and monitoring range between $90,000 and $200,000 per patient (pp) in the US (long term), due to the high rate of recurrence and disease progression which necessitates careful long-term monitoring [2, 3] . As a result of this, BC turns out to be the most expensive cancer to treat per patient.
Therefore a non-invasive, affordable and reliable detection system is desired to reduce the screening cost, in order to ease economic burden on societies, and the detection of cancer specific DNA markers is a viable way in this direction. DNA methylation (5-MeC) is known to be a key epigenetic change in many different forms of cancer [4] . The hypermethylation of CpG islands, which occurs near the promoter region of a gene, is known to silence tumour suppressor genes and ultimately lead to the development of tumours. In cancer patients, free DNA in serum or urine is increased to a mean of 180 ng/mL compared to 13 ng/mL in healthy individuals [5] , which is the low pM concentration range. A high content of methylated DNA has been reported in BC patients compared to healthy individuals [6, 7] . Three genes which are commonly methylated are epithelial cadherin (E. Cad), death associated protein kinase (DAPK) and retinoic acid receptor beta (RARβ). These three genes are known as a tumour suppressor gene (E. Cad), a mediator of cell death (DAPK) and a mediator of cell growth gene (RARβ) respectively. Detection of these genes simultaneously in voided urine has been reported to diagnose BC with a 90.9% accuracy at a detection limit of 10 ng/mL [7] . However, this was combined with methylation specific PCR (MS-PCR), and multiple rounds of amplification steps are required to increase the amount of the target DNA for detection by a standard sensor. Therefore, what is required is a highly sensitive multiplex sensor, able to detect several DNA sequences in parallel, which eventually can be combined with MS-PCR but requiring only a single MS-PCR round.
Electrochemical sensors have attracted much attention due to their cheap production cost and potential to be miniaturised [8] , and labelling a DNA probe with a redox marker allows for low detection limits [9] . We have shown previously that cobalt porphyrin-tagged DNA provides an ideal, stable probe to detect H5N1 virus specific DNA with a detection limit ~20 fM (accounting to ~1000 DNA molecules on the microelectrode) [10] . The use of an internal marker avoids addition of external redox markers and washing steps. We have also reported a biophotonic silicon sensor for BC biomarker detection of DAPK, E. Cad and RARβ where the focus was on singleplex detection, achieving a detection limit of 10 nM [11] . Here we report a multiplex electrochemical sensor with simple operational procedure and greatly improved sensitivity. A hairpin probe with a free-base porphyrin tag was immobilised on an array of gold sensors for the simultaneous detection of the three BC biomarkers. The results show that the sensor can detect all three markers in a single run with total operating time of 20 minutes and a detection limit of 250 fM.
The DNA probe used is based on a hairpin design, where the molecular beacon will respond to hybridisation with the target strand through a change in structure, and with it a change in signal (current) will show an unambiguous response to the matched target (Fig. 1) . The probe itself is immobilised on the gold surface of the electrode by a total of four sulphur-gold bonds for added stability, arising from the addition of two dithio-serinol groups at the 5'-end of the probe DNA (see section 2. Materials and Methods for details of the sequences of the DNA strands). Fig. 1 . Schematic of the working principle of the DNA hairpin probe, which is immobilised on gold micro-electrodes using dithiol groups. The porphyrin modifier acting as electrochemical sensor is shown; for sequences see Table 1 .
Materials and Methods

Chemicals and Oligonucleotides
Sodium chloride, sodium citrate, 6-mercaptohexanol (MCH) (analytical grade) and Surine™ Negative Urine Control were obtained grade from Sigma-Aldrich (UK) and used as received.
DNA synthesis phosphoramidites, solvents and reagents were obtained from Link Technologies (UK), CamBio (UK) or Tides Service Technology (GER).
The oligonucleotide sequences of E. Cad, DAPK and RARβ were synthesised using standard phosphoramidite solid phase DNA synthesis. Table 1 shows the sequences of DNA probes and targets used. The target sequences correspond to methylated cancer marker strands while the mismatched sequences correspond to the unmethylated strands, both as they would have been obtained after MS-PCR [11] . After MS-PCR, the unmethylated DNA sequence will contain a C to U transformation, whereas the 5-MeC will remain unchanged. The amplification of U as T (and the concomitant G to A transformation in the complementary strand) then allows to distinguish methylated from unmethylated CpGs [12, 13] . Therefore the probes will contain C while the target will have G and mismatch will have A. DNA probes were synthesised based on a hairpin structure (Table 1 , Fig. 1 ). The loop of the hairpin is complementary to the target cancer marker DNA sequence. The porphyrin was incorporated into DNA according to previously published procedures [14, 15] . Two dithio-serinol groups were added at the 5'-end for stable attachment of the probe to the gold surface. The strands were purified by HPLC using a gradient of HFIP-TEA (pH 7) buffer and methanol.
Table 1
Sequences of the hairpin and probe DNA strands (5' -3'). The stem parts of the hairpin are underlined, the position of the transformed C is in italic, and the position of the porphyrin tag (P) is shown in bold.
Probe
DNA sequence
Surface Plasmon Resonance (SPR)
SPR was carried out using a Biacore® X100. Blank gold chips were used as received. DAPK, E. Cad or RARβ probes (1 µM) were immobilised onto the chip in buffer (0.1 M NaCl, 0.01 M sodium citrate) over four manual runs of 1080 seconds. 1 mM MCH was added before the target DNA to reduce nonspecific binding. Target DNA was added using the immobilisation buffer (0.1M NaCl, 0.01 M sodium citrate) to the chip on a manual run of 1080 seconds.
Electrode Fabrication and Microfluidic Design
The array of the gold sensor microchip was designed to have 20 individual sensors and was fabricated based on the process previously discussed [16, 17] . Briefly, a SiO2 layer was deposited on a silicon layer, and Ti/Au was added via PVD. Lithography was used to define the electrodes before wet etching to form the electrodes. The surface was then passivated before the bonding pads were opened. Confirmation that all sensors are exposed to an analyte solution was confirmed by injecting a dye solution via the inlet.
Immobilisation of Probe
Prior to assembly of the microfluidic channel, the microchips were cleaned by immersing in acetone and sonicating for 10 minutes, followed by rinsing with IPA and thorough washing with de-ionised water. The microchip was then treated with UV light and ozone for 20 minutes. 
Electrochemical Measurements
Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were carried out using a three electrode configuration. Gold electrodes were used as pseudo reference and counter electrodes. The instrument used was Reference 600™ (Gamry Instrument, USA). CV was carried out with a scan rate of 50 mV/s in the range of 0.2 V to -0.8 V. The device signal output corresponds to the redox couple P
• − /P. EIS measurements were recorded using a frequency range of 0.5 Hz -500 kHz with an amplitude of 25 mV, using a redox probe solution
3-/4-, pH 7.4). Current measurements in the sensor was performed without redox probe; sample introduction was done either using citrate buffer (see above) which gave a higher signal response than PBS buffer, or in untreated Surine™ Negative Urine Control; the response for both systems was identical. All experiments were performed in triplicate. The electrochemical response of the porphyrin tagged probe compared to the unmodified DNA probe is shown below in Fig. 3 . 
Results and Discussion
Probe characterisations
In order to confirm the working principle of the porphyrin hairpin probe and stable attachment to gold surfaces, binding of the target DNA sequences (which correspond to the methylated cancer markers) to the tagged DNA probes was confirmed by surface plasmon resonance (SPR) and electrochemical impedance spectroscopy (EIS) [18, 19] . The SPR signal increased with increasing amount of target sequence, as expected (Fig. 4A,B) ; mismatched sequences containing four G to A mutations showed a fivefold reduced signal. The reusability of the target probe is also demonstrated by SPR, where injection of a 50 mM NaOH solution results in rapid and complete removal of the target DNA strand (Fig. 4C , NaOH injection is indicated by black arrows). Subsequent injection of a new target solution (indicated by red arrows in Fig. 4C) shows that the target can again be hybridised to the probe, and increasing concentrations of ii) 25 nM, iii) 100 nM and iii) 300 nM; (D) Nyquist plot from EIS confirming stable attachment of the probe on the surface with specific response to the target DNA sequence.
Multiplexed detection of BC biomarkers
To analyse multiplex detection of the three BC cancer markers, the different probes were immobilised individually on the electrodes as described above. First, a solution containing 300 nM of the RARβ target was added to the microfluidic sensor array and incubated for 20 minutes before CV measurements were carried out. The results are shown in Fig. 5A-C . In Fig. 5A and B the weak non-specific response of the DAPK and E Cad probes to the RARβ target is shown.
The current difference ΔI is 15−20 nA. Fig. 5C shows the current response when the probe and target are matched, which is much larger than with non-matching probes, and ΔI is in the range of 40−50 nA. The difference in current is large enough to unambiguously distinguish between matched and mismatched DNA targets.
In principle, the large increase in distance of the porphyrin to the electrode surface upon hairpin opening should give a signal decrease. However, we have seen previously that porphyrins in a duplex environment are buried within the hydrophobic major groove of the dsDNA [10] , thus are hardly accessible for the electrolyte and giving low current. On the other hand, porphyrins on a single stranded DNA gave a much larger current as they are solvent exposed. In this respect, here the hairpin is a "signal-off" state because is in effect in a duplex environment, whereas when hybridised with the target the porphyrin is attached to a single strand overhang and is therefore in the "signal-on" state.
Solutions containing a mixture of two or all three target strands were then tested. As can be seen from the response pattern shown in Fig. 5D -F, large CV peak intensity differences from each probe were observed only in the presence of their specific targets, and multiple targets can accurately be detected in a single run. Thus the microfluidic sensor is highly specific and can be applied for multiplexing of the three BC biomarkers, and also other DNA sequences. This value can be regarded as a lower limit for the detection of the target DNA. The sensor therefore allows for the detection of marker genes at the relevant biological level, which are in the picomolar range.
We reported in previous work using unlabelled DNA probes, which were immobilised on a silicon sensor, that a LOD in the region of 10 nM was achieved. [11] In the current chip design, a much higher sensitivity and thus great improvement is demonstrated. The distinctively lower LOD in the femtomolar range gives a clear advantage of using an electrochemical sensor compared to a silicon sensor which works using optical methods. 
Conclusions
We have demonstrated that a porphyrin tagged hairpin-DNA probe can be used to create a selective and sensitive multiplex sensor. The attachment of the highly versatile porphyrin tag removes the need of a redox probe solution, allowing a sample to be directly used in analysis.
Three different DNA markers, which are specific for bladder cancer, can simultaneously be detected on a single microchip containing up to 20 sensors. This design allows for measuring the target DNA in multiple repeats quickly, thus eliminating false readouts. The low detection limit of 250 fM is below the range of the clinically relevant concentrations where the cancer marker genes generally can be found in a patient's urine sample, and could therefore allow for early diagnosis. Certainly the design is not limited to 20 sensors and could easily be extended to form a true multiplexing device. Methylation specific PCR will still be required to differentiate between methylated and unmethylated gene markers. However, research has already been done to allow this step to be carried out on-chip [21, 22] . Combining both selective detection and methylation specific PCR should be the next focus of research. Our microchip design is a further significant step towards a point-of-care device for cancer detection, which otherwise requires costly and invasive methods, and will help to reduce the increasing burden on health care. The novelty of our system therefore lies in the combination of a unique and highly sensitive porphyrin marker with a multisensory microfluidic sensor, which gives unambiguous readout within minutes and without the requirement for additional electrochemical reagents.
